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Horsetails arose in the Late Devonian, evolved a greater diversity and forming fast growing bamboo-like thickets in the Carbonif-
erous lowland swamp forest ecosystems. However, the diversity of this group drastically declined during the Permian while the 
climate became more dynamic and arid. Today only a single surviving genus exists, the herbaceous Equisetum. Here we report an 
exceptional large horsetail tree from the Early Permian Petrified Forest of Chemnitz. This fossil horsetail tree is assigned to Ar-
thropitys bistriata (Cotta) Goeppert. It is 15 m high and over 25 cm in diameter, with thick wood and at least 3 orders of woody 
branching system formed a big canopy, and is morphologically very comparable with the living woody higher plants. This sug-
gests that the plasticity mechanism of Permian calamitaleans enabled novel growth strategies when they competed with the rising 
gymnosperms during the environmental changes. 
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Horsetail ancestors, which arose in the Late Devonian [1], 
evolved a greater diversity in the Carboniferous when these 
plants inhabited the lowland equatorial swamp forest eco-
systems [2], forming fast growing bamboo-like thickets of 
up to 20 m high [3,4]. A relict of these former woody 
horsetail trees is the free sporing herbaceous modern horse-
tail, the genus Equisetum known to consist of about 15 spe-
cies [5,6]. Although the diversity of this plant group drasti-
cally declined during the Permian, a few forms exhibited 
unexpected adaptations [7] and persisted in some regions 
close to the Permian-Triassic mass extinction event [8]. 
However, the drier climate and more dynamic Permian en-
vironment resulted in a new competitive challenge for these 
plants to grow optimally and survive in competing with the 
rapid radiation of seed plants [9]. 

The Palaeozoic horsetail trees, known as calamites, are 
among the most common and frequently found plant fossils 
in Upper Carboniferous and Lower Permian rocks [1,2]. 
Most of the specimens so far found are fragmentary with 
only a portion of the plant body preserved. These plants are 

best understood from casts of their hollow stems and from 
coalified compressions of their leafy shoots and strobili. 
However, when compared to the overwhelming large num-
ber of casts and impressions/compressions, sizeable trunks 
that show anatomical preservation of the plant’s cellular 
detail remain rather rare in the stratigraphic fossil record [7]. 

Here we describe an exceptional large horsetail fossil 
from the Petrified Forest of Chemnitz, Germany, which 
provides insights into both the spatial arrangement of the 
complex branching system and its anatomical details. The 
Permian horsetail tree shows a complex architecture con-
sisting of multi-forked woody branches, which very differ-
ent from the Carboniferous members. Therefore, we suggest 
that the evolved architecture plasticity enabled these plants 
to successfully compete with the rising gymnosperms and 
account for their persistence in single habitats. 

1  Material and methods 

The multi-branched horsetail tree Arthropitys bistriata 
(Cotta) Goeppert [7] was discovered in 2008 and finally 
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excavated in 2011, from the Early Permian Petrified Forest 
of Chemnitz, Germany (50°51'58.68"N, 12°57'32.54"E). In 
this region, a subtropical forest ecosystem was buried in situ 
in a very short time by volcanic eruption. Thus preserving 
the autochthonous and parautochthonous assemblages of a 
fossil lagerstaette. During 2008 to 2011, we applied a sys-
tematic and well-documented excavation on this fossil la-
gerstaette in a site of nearly 24 × 18 m2. The unearthed fos-
sil specimens from this excavation site include 53 upright 
standing tree trunks, numerous transported stems and leaf 
impressions, as well as some fossil animals. Systematically, 
the fossil leaf assemblage mainly including Annularia spi-
cata, Sphenophyllum sp., Lobatopteris geinitzii, Noeggera-
thia zamitoides, Alethopteris schneideri, Neurocallipteris 
planchardii, Taeniopteris abnormis, Walchia piniformis and 
several pecopterids and pteridosperm fructifications. The 
stratigraphic position of this fossil Lagerstaette corresponds 
to the Upper Asselian/Lower Sakmarian boundary [7]. 

In order to investigate the morphological and internal 
structure of the fossil horsetail tree in detail, we used a sand 
blaster to clear the surface of the stem and branches. The 
specimen was subsequently cut with a trimming saw to re-
veal both transverse and longitudinal (radial and tangential) 
sections. These section surfaces were ground and polished, 
and examined using reflected light microscopy. Sections 
were examined and photographed under reflected light us-
ing Nikon Eclipse ME 600 and Nikon SMZ 1500 micro-
scopes both equipped with a Nikon DS-5M-L1 digital cam-

era. The hand specimen photographs were taken by using a 
Nikon D300 with AF-S Micro Nikkor 105 mm 1:2.8G lens. 
Composite images were created using Adobe Photoshop CS 
v. 8.0, and corrected only for contrast. The specimen and 
thin slices are housed in the Museum für Naturkunde 
Chemnitz, labelled KH0052, KH0054, KH0057, KH0058 
and KH0072. 

2  Results 

The well preserved specimen, Arthropitys bistriata, is unu-
sual, because it is estimated to have been more than 15 m in 
height with at least 3 orders of secondary woody branches 
(Figures 1(a) and 2) forming a large canopy. This is the first 
time that the branching architecture of an anatomically pre-
served calamite tree clearly observed in three dimensions. 
The plant shows two types of branches: one branch type is 
leafy twigs covered by leaves and the other is adventitious 
shoots. The leafy twigs show no signs of any secondary 
growth and are arranged in whorls at particular nodes (Fig-
ure 1(e), arrows), both on the main stem and on adventitious 
shoots. The adventitious shoots are woody branches that 
originate inside the secondary xylem, rapidly enlarge by 
growth of secondary xylem, depart at angles of 25°–35° 
from the main stem and generate another set of secondary or 
tertiary adventitious shoots, forming the complex branching 
system (Figure 2). As reported to date, most of calamitaleans 

 

 

Figure 1  Multi-branched horsetail tree (Arthropitys bistriata) from the Early Permian Petrified Forest of Chemnitz, Germany (specimen is housed in the 
Museum für Naturkunde Chemnitz, labelled KH0052, KH0054, KH0057, KH0058 and KH0072). (a) Distal view of the specimen showing the spatial archi-
tecture of the branches. (b) Transverse section (TS), from the lower portion of the main stem, showing extensive wood and an elliptical pith. Scale bar = 2 
cm. (c) TS of woody adventitious shoot, showing large pith surrounded by a thick woody cylinder. Scale bar = 5 mm. (d) TS of main stem showing the initial 
of xylem wedges and inter-fasicular rays, note the carinal canals (arrows) are surrounded by a few layers of small metaxylem cells. Scale bar = 2 mm. (e) 
Traces of leafy twigs (arrows) arranged in whorls on the adventitious shoots. Scale bar = 5 mm. 
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Figure 2  Proposed reconstruction of the horsetail tree (Arthropitys 
bistriata) from the Early Permian Petrified Forest of Chemnitz, Germany 
(drawing by Frederik Spindler. Scale bar = 1 m). 

are similar to extant horsetails, characterised by an exten-
sive underground rhizome system from which upright aerial 
axes form in a clonal growth strategy [10]. However, unlike 
recent relatives, our Permian specimen possessed a densely 
developed woody trunk that grew to a diameter of at least 
25 cm (Figure 1(b)). The wood cylinder that supported the 
tree consists of numerous fascicular wedges and interfascic-
ular rays surrounding a large central pith cavity (Figure 
1(c)). The carinal canal, from which the growth was initiat-
ed, is considered to be a conservative developmental char-
acter that indicates the position of the primary xylem both in 
living and fossil forms. In our Permian specimen, carinal 

canals usually are surrounded by small metaxylem cells 
(Figure 1(d), arrows). 

3  Discussion 

Arborescent equisetaleans were among the major constitu-
ents of the Carboniferous lowland equatorial swamp forest 
ecosystems [1]. The growing mode of the Carboniferous 
horsetail stem tends to parallel the epidogenic and apox-
ogenic development present in the arborescent lycopsids [3]. 
However, the high woody trunk with a multi-ordered 
branching system of a horsetail tree has never been docu-
mented before. 

The growing mode of the multi-branched Chemnitz 
horsetail is very similar to that known in extant higher 
woody plants, when one compares the spatial organization 
of its adventitious shoots. Although plant architecture is 
believed to be determined by genetic developmental code 
[11], it is also influenced by environmental factors includ-
ing light, temperature, humidity, nutrition, water table and 
density of vegetation. However, the development of branch- 
ing patterns in extant woody plants is a complex physiolog-
ical process that remains inadequately understood [12–14]. 
Previous studies show that living plants respond to local 
heterogeneity in both abiotic and biotic conditions by 
changing module-level morphology, growth, and reproduc-
tive patterns [15,16]. 

Many Pennsylvanian ecosystems across Euramerica were 
situated in low-latitude humid environments largely con-
sisting of tropical rainforests [17]. As the Euramerican cli-
mate increasingly became more seasonal and dry through 
the late Palaeozoic in response to tectonic activity, these 
rainforests collapsed, eventually being replaced by season-
ally dry Permian biomes [18,19]. Although the causes of 
this aridification remain a matter of controversy, the con-
sensus is that this climate shift led to the fragmentation of 
the coal-forming forests into isolated rainforest islands sur-
rounded by xerophytic scrubs [9,20–23]. 

Large gymnospermous trunks, up to 30 meters in height, 
are common components of the Chemnitz Petrified Forest 
and represent the forest canopy in this landscape. Therefore, 
those elements growing in a lower storey, which received 
less sunlight than those in the upper storey, had to develop 
different strategies to receive the necessary amount of light 
needed for growth. The plants that occupied these habitats 
were forced into resource competition. As a result, horse-
tails established different ways to survive and even domi-
nated in some places. Evidently, this plant group reached its 
evolutionary acme and evolved special adaptations in the 
earliest Permian. Both calamitaleans from Chemnitz and 
another important fossil locality in Tocantins, Brazil, show 
physiological modification, seasonally abscise leafy twigs 
in response to gradual environmental change in the Permian 
[24]. The presence of growth rings in woody Arthropitys 
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trees (stem and roots) indicate that some kind of climatic 
periodicity was responsible for their development. Addi-
tionally Arthropitys is characterized by a wood composed of 
up to 50% parenchyma in the secondary xylem [7]. These 
features indicated that some, if not all, of the Permian 
calamitaleans may have survived short seasonal episodes of 
dryness during which time plants reduced water uptake and 
shed their leafy twigs. This inference is supported by the 
large-diameter, long living Arthropitys trunks [25]. Fur-
thermore previous studies have shown that the rhizomes 
considered to promote a clonal habit in this plant are not 
functional in adolescent specimens, and completely disap-
peared in adults by producing a trunk base with woody ad-
ventitious roots anchoring the upright trees in the soil [24]. 
Compare with the shallow, horizontally arranged rhizomes, 
the anchoring like rooting system provides more surviving 
opportunities during the seasonally dry climate. 

Many studies have shown the importance of resource 
uptake promoting architectural changes to plants growing 
under competitive conditions [26]. Neighbouring plants are 
an important factor that influences the availability of re-
sources. Hence, the architectural mechanisms by which 
plants can alter their resource-gathering ability indicate their 
potential for success in different competitive situations [27]. 
Early Permian giant horsetail probably responded to     
local variability in resource availability with changes in     
their growth architecture to maximize a plant’s resource-    
gathering ability in response to competition with other 
plants growing in the forest. These other plants include 
medullosan seed ferns, Psaronius tree ferns, and cordai-
talean gymnosperms, all these taxa being frequently en-
countered from the same habitat at Chemnitz. However, this 
highly specialized functional feature of Arthropitys could 
not alter its eventual fate during the gradual increasing 
change in Permian climate and their final disappearance as 
part of the Permo-Triassic mass extinction. 
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